Different ChIP-Seq protocols may have a significant impact on the final outcome in terms of quality, number and distribution of called peaks. Sample DNA undergoes a long procedure before the final sequencing step, and damaged DNA can result in excessive mismatches in the alignment with reference genome. In this letter, we present the effect of well-defined modifications (timing of formaldehyde crosslink reversal, brand of the sonicator) of standard ChIP-Seq protocol on parallel samples derived from the same cell line correlating the initial DNA quality control metrics to the final bioinformatics analysis results.
ChIP-Seq [1] is a next-generation sequencing (NGS)-based technology used to map genome wide the DNA-binding sites of transcription factors and other chromatin-associated proteins. Determining where proteins interact with genomic DNA (gDNA) to regulate gene expression is of paramount importance for understanding many biological processes and disease states.
Specific DNA sequences in direct physical interaction with a regulatory or structural protein are isolated by standard chromatin immunoprecipitation, using an antibody specific for the protein of interest. The immunoselected DNA sequences are used to produce a library of target DNA fragments. Massive parallel sequencing is then used followed by bioinformatics analysis to analyze the global gDNA-protein interaction pattern. The sequencing reads are mapped to the reference genome and 'peak calling' algorithms, such as MACS [2] for transcription factor binding studies and SICER [3] for epigenetic studies, are used for primary peak calling, whereas a statistical software is subsequently used for differential peak calling [4] .
ChIP-Seq produces an unbiased signal in comparison to the corresponding hybridization arrays technology (ChIP-chip), although the sequencing biases associated with different NGS technologies are just beginning to be defined [5] . Other biases could originate from the ChIP procedure itself, as it consists of a long series of chemical, physical and enzymatic treatments that can affect the final quality of ChIP DNA. Damaged DNA can be difficult or impossible to incorporate in sequencing libraries, or could cause mismatches in the alignments and direct the analysis software toward faulty and non-biologically significant results. Many experimental design considerations and detailed technical aspects of the ChIP-Seq assay have been already discussed in recent publications [6, 7] .
This letter compares the outcomes of two ChIPSeq experiments performed on the same cell line [Human prostate cancer (PCa) cell line C27IM] [8] , control and estrogen-treated, using the same antibody (eNOS, BD Biosciences), but following two different ChIP procedures, identified as protocol A and protocol B and schematized in Figure 1 . They differ mainly in (i) the use of two different methods of sonication and brands of sonicator, (ii) the incubation time in the reversal of formaldehyde crosslinking and (iii) the introduction of an additional DNA end-repair step in protocol A. The experimental and bioinformatics procedures relative to protocol B have been already published in Nanni et al. [8] ; here, we will highlight only the differences between the two protocols.
The quality of the input DNA extracted from the reverse crosslinked chromatin samples obtained either with protocol A or protocol B was analyzed with two-dimensional strandness-dependent electrophoresis (2D-SDE) [9, 10] . Figure 2 shows the different DNA arcs detected on 2D-SDE. The DNA migrating with the Cy5-labeled size marker represents dsDNA. The arc to the right of the size marker represents ssDNA, which migrated slower than dsDNA in the first dimension. The arc to the left of dsDNA (called 'Behind dsDNA') represents either DNA migrating faster than dsDNA in the first dimension electrophoresis (e.g. A-helix DNA) or DNA migrating slower compared to dsDNA in the second dimension electrophoresis, e.g. DNA containing interstrand crosslinks or DNA crosslinked with proteins.
As shown in Figure 2 and Table 1 , the relative amount of dsDNA was increased when protocol B was used. The only nucleic acid fraction that will be incorporated into the sequencing library, continuing its path to NGS sequencing and analysis, is dsDNA. The rest of the samples consisted of ssDNA and a large amount of DNA migrating behind dsDNA. Of note, the control DNA samples extracted from the native chromatin preparation according to Huang et al. [11] , obtained without formaldehyde crosslinking and sonication ( Figure 3 ; Table 2 ), were mainly dsDNA and a variable amount of ssDNA (up to 50%), while the DNA fraction migrating behind dsDNA was virtually undetectable.
These findings suggest that the DNA fraction migrating behind dsDNA on 2D-SDE derived from formaldehyde-crosslinked chromatin DNA which survived the crosslink reversal. The formation of ssDNA could be explained by formation of singlestranded breaks, heat denaturation and other mechanisms of DNA damage typical of sonication, and intrastrand crosslinks [12, 13] . The increase in the relative amount of dsDNA shown by protocol B versus protocol A could be due to the cumulative effect of the two main modifications introduced with protocol B: (i) the longer incubation time of crosslink reversal reaction, reducing the DNA fraction migrating behind dsDNA; (ii) the use of a milder chromatin shearing device as the Bioruptor, decreasing the formation of ssDNA and intrastrand crosslinks.
An additional DNA end-repair step had to be introduced only in protocol A, due to the extremely low amount of dsDNA recovered. Without this enzymatic repair, the recovery of sample DNA after the Covaris shearing step would have been insufficient for final library production.
We could expect that, due to availability of a larger number of dsDNA fragments, protocol B would be more efficient in generating sequencing libraries and that this could directly impact mapping statistics, i.e. the percentage of unique mappable reads used for peak calling. This was indeed confirmed by the bioinformatics metrics. The number of reads mapped and usable for peak calling was noticeably higher for the samples obtained with protocol B compared to the ones obtained with protocol A (Table 3) .
The results of this preliminary bioinformatics analysis on the sequences and alignments gave a clear indication that the changes introduced with protocol B were very effective in maximizing the result which Figure 1 : Flow chart schematizing the technical procedures used. For protocol A, disruption of the chromatin by sonication was performed using a standard sonicator equipped with a microtip directly immersed in an ice-refrigerated Eppendorf tube containing the nuclei suspension. For protocol B, nuclear chromatin was sheared using a Bioruptor Õ sonication device, guaranteeing a continuous and efficient cooling and a uniform distribution of the ultrasound energy to the samples. is more directly linked with the final biological interpretation, i.e. peak calling. As shown in Table 4 , the number of peaks called was clearly increased using protocol B for ChIP samples, while the number of peaks called was reduced, as expected, for the control input samples (false positives) obtained by swapping the input with the immunoprecipitation. The median peak fold-enrichment values, instead, did not show a clear difference between the two protocols or the estrogen-treated versus non-treated samples.
To investigate the possible impact of the two protocols on the ChIP-Seq, we performed refined quality metrics with the Samstat program (http:// samstat.sourceforge.net/) [14] , the CHANCE software [15] and the Samtools utilities (http://sam tools.sourceforge.net/) [16] . We identified a series of relevant differences between the results generated with protocol A or protocol B (described in Supplementary File 1) , all of which clearly indicate a progress in the quality of final results associated with the transition from protocol A to protocol B: DNA samples are those shown in Figure 2B . Percentage of DNA fractions was measured using Image Quant 5.1 software (Amersham Biosciences). DNA samples are those shown in Figure 3 .
(iii) The IP enrichment analysis for both non-treated and treated samples clearly indicated that protocol B was more efficient than protocol A to generate an enriched signal. (iv) The analysis of duplicons performed with the Samtools rmdup utility revealed less repetitive (and hence more complex) sequencing libraries when using protocol B.
Finally, we also performed a GREAT integrated functional analysis of enriched genome regions (http://great.stanford.edu/public/html/index. php) [17] starting from the significant MACScalled peaks only. We counted the total numbers of features (GO enriched terms, enriched domains in the genes identified by the peaks, enriched pathways and so on) identified in the same samples. The result (summarized in Table 5 ) once again support the hypothesis that protocol B produced a superior ChIP-Seq result also under the perspective of the potential biological informativeness of the experiment.
In conclusion, the results presented in this article allow us to link, through the sequencing library construction protocol, the initial structure and quality of ChIP DNA to the final results of a range of bioinformatics analyses: sequence and mapping quality metrics, peak-calling statistics, immunoprecipitation enrichment quality metrics, functional prediction analysis and library complexity measures.
We hence propose 2D-SDE as an analytical technique to diagnose and optimize the usually problematic ChIP-Seq procedure and suggest a series of bioinformatics procedures for assessing objectively the quality of a ChIP-Seq experiment result.
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Key points
ChIP-Seq is a NGS-based technology used to map genome wide the DNA-binding sites of transcription factors and other chromatin-associated proteins. Determining where proteins interact with gDNA (sequence peaks) to regulate gene expression is of great importance for understanding many biological processes and disease states. Different ChIP-Seq protocols may have a significant impact on the final outcome in terms of quality, number and distribution of called peaks, as sample DNA undergoes a long procedure before the final sequencing step. Damaged or single-stranded DNA can result in excessive mismatches in the alignment with reference genome. It is hence important to determine the protocol factors which could influence the results. We compare the outcomes of two ChIP-Seq experiments performed on the same cell line, with the same treatment and using the same antibody but following two different ChIP procedures. We use an original procedure (2D-SDE) to measure the nature of DNA damage and extensive bioinformatics analysis to evaluate the variations in the final sequence and alignment quality, peak calling and IP enrichment results. We identify the timing of formaldehyde crosslink reversal and the technology of the sonicator as possibly relevant protocol components impacting on the ChIP-Seq result. 
